Oil refinery wastewater was sequentially treated in a moving-bed biofilm reactor (MBBR) and a slow-rate sand filter (SF) in order to obtain an effluent with adequate characteristics for downstream reverse osmosis (RO) operation. Experiments were conducted in bench scale units and the results showed that the MBBR was able to remove 90% chemical oxygen demand (COD), 75% NH 4 þ , 95% phenols, operating with a hydraulic retention time (HRT) of 9 h.
the best characteristics of the activated sludge and biofilm reactors are combined (Rusten et al. ) .
Salt removal can be reached by using reverse osmosis (RO), a process largely employed to produce water with a high purity degree and also to treat wastewater aimed at water reuse in some specific applications (Byrne ) .
Although very effective for salt removal, RO demands upstream treatments to remove suspended solids, organic compounds and microorganisms that cause membrane fouling. Some RO upstream processes are: activated carbon adsorption, microfiltration and ultrafiltration, sand filtration and others.
The aim of the present work was to investigate the utilization of a combined process, consisting of biological treatment in an MBBR and slow-rate sand filtration, to treat refinery wastewater in order to produce water for industrial uses. An additional objective was to investigate the performance of the MBBR to treat the industrial wastewater aimed at the replacement of the existing biological treatment (two aerated lagoons and two facultative lagoons with an overall hydraulic retention time (HRT) of 80 h) with a more compact system.
MATERIALS AND METHODS

Wastewater
Samples of wastewater were collected after the oil-water separation unit (flotation) of an oil refinery (Reduc, Petrobras, Brazil), transferred to the laboratory and kept under refrigeration (<4 W C) until use. The wastewater had a variable composition and its most prominent pollutants were hydrocarbons, phenols and ammonium nitrogen. with the sand bed completely clean. Maturation was accomplished when filtrate turbidity remained constant. Filtration runs started, as soon as possible, after the filter maturation period. 
Experimental set-up
Reverse osmosis assays
RESULTS AND DISCUSSION
Wastewater characteristics
Samples collected over 10 months were characterized in terms of several parameters, their average values and range of variation are shown in Table 1 . As already mentioned, wastewater presented high variability as a consequence of changes on the oil processed quality and the refining conditions. The ranges of variation of COD and DOC were particularly large. This could pose some problems to the biological treatment that was submitted to variable organic loads. An unexpected high ratio of COD/ TOC was observed, ranging from 10 to 27, indicating that the wastewater contains compounds in reduced forms, such as sulfides and mercaptans.
MBBR performance
The MBBR was very effective at treating the industrial wastewater. It assimilated large fluctuations on organic load and produced an effluent with COD and DOC lower than 80 and 40 mg/L, respectively. Figure 3 shows the time course variation of influent and effluent COD in the MBBR. Table 2 Besides organic matter removal, the MBBR removed ammonium nitrogen and phenols in percentages of 75 and 95%, respectively (Table 2) . High ammonia removals (>90%) were also attained in an MBBR treating saline wastewater pretreated by activated carbon adsorption to remove inhibitory compounds, as reported by Bassin et al. () .
Another interesting result refers to suspended solids.
Even considering that a small sedimentation tank was 
Sand filtration results
As mentioned, filtration experiments were conducted after a period of filter maturation that lasted approximately 3 and 2 days for filtration rates of 3 and 6 m 3 /m 2 d, respectively. The so-called filtration run correspond to a period of time in which the filter is operated continuously at a fixed rate (3 or 6 m 3 /m 2 d). The filtration runs lasted 160 and 63 days for the filtration rates of 3 and 6 m 3 /m 2 d, respectively.
Results obtained during the filtration runs are shown in Table 3 . Average values and standard deviations were supplied for turbidity, pH, conductivity and colony forming units, for the other parameters ranges of variation were given. In general, the two tested filtration rates led to similar results.
The SF promoted an additional removal of organic matter, since effluent COD and TOC values were 35±5 and 11±2 mg/L, respectively. Ammonia concentration in the SF effluent was low (0.7±0.2 mg/L) and turbidity dropped to 4-5 FTU. The number of colony forming units (cfu/mL) dropped slightly but remained in the level of 10 4 or 10 5 cfu/mL in the SF effluent. It would appear that a more pronounced drop of cfu/mL was observed in the filter operated at 3 m 3 /m 2 d. A better filter maturation was probably achieved at that filtration rate. Some reports state that lower filtration rates and higher filter bed maturity are factors that contribute to improve microorganism retention (Bellamy et al. ) .
The characteristics of the filtered water shown in Table 3 reveal that it can be used in cooling towers. Although no specific standards exist for water used in oil refinery cooling towers, some recommendations can be found in the literature ( JIS ; Oenning & Pawlowsky ). Some upper limits for turbidity (<50 NTU), conductivity (<12,000 μS/ cm), pH (6.9-9.0), ammonia (<20 mg/L) and COD (<75 mg/L) were recommended by these authors. The filtered water presented values of these parameters far below the limits suggested by these authors and can be considered for some applications in the oil refinery, including cooling tower make-up.
Short-term RO experiments
Initially, SDI determination was performed using the effluent from the SF. The time interval used in the assay was 15 min, so SDI 15 was determined given an average value of 5. A recommended range for SDI is 3-5 (Amjad ). Following this determination, the RO set-up was operated and the permeate quality was accessed. COD and conductivity An experiment was performed to monitor the permeate flux drop along operation time. The same experiment was also carried out with the MBBR effluent. Figure 4 shows the flux profiles for the two experiments. For the MBBR effluent sharp flux decay was observed after 1 day of operation, whereas for the SF effluent, permeate flux decreased smoothly. Comparing the RO permeate flux of these two feeding streams, we observe that feeding the RO with the JIS (2006) . Results obtained by epifluorecence microscopy also reveal that a higher number of viable microbial cells (green) were observed on the membrane surface when the RO system was fed with the MBBR effluent ( Figure 5 ).
Also, electron scanning microscope images show that there were a larger number of microorganisms on the membrane surface of the RO system fed with the MBBR effluent ( Figure 6) . Thus, the microscopy results also render it evident that sand filtration is an adequate operation to perform upstream RO.
CONCLUSIONS
Biological treatment of the oil refinery wastewater in an MBBR led to high removal efficiencies of organic matter, ammonia and phenols. The MBBR was able to operate efficiently even when submitted to variable organic loads. The MBBR can replace the existing biological treatment system (lagoons) leading to a more compact installation (HRT of 9 h against 80 h in the lagoons).
The SF operated at two different filtration rates (3 and 6 m 3 /m 2 d) produced effluents with similar characteristics but improved quality. Significant removals of COD and ammonia were achieved in the SF and the filter effluent can be used for some industrial applications such as cooling tower make-up. The SF effluent presented an SDI 15 of 5 and permeation assays performed with two streams (SF and MBBR effluents) revealed that filtration contributed to reduce organic matter content and microorganisms, resulting in high permeate flux and less biofouling of the RO membranes.
The permeate produced by RO has a low content of organic matter (1.8 mg/L COD) and low conductivity (13.7 μS/cm). When presenting with these characteristics, the RO effluent can be considered for feeding low and medium pressure steam boilers.
The combination of MBBR and SF proved to be a promising treatment sequence to be implanted upstream of the RO system.
